Averaged jet charge characterizes the electric charge for the initiating parton, and provides a powerfull tool to distinguish quark jets from gluon jets. In this paper, we give the first prediction for the medium modification of averaged jet charge in heavy-ion collision at the LHC, where jet productions in p+p collisions are simulated by PYTHIA6, and parton energy loss in QGP are calculated with two Monte Carlo models of jet quenching: PYQUEN and JEWEL. We found that the distribution of averaged jet charge is significantly suppressed by initial state isospin effects due to the participants of neutrons with zero electric charge during nuclear collisions. Considerable enhancement of averaged jet charge in central Pb+Pb collisions relative to peripheral collisions is observed, since jet quenching effect is more pronounced in central collisions. Distinct feature of averaged jet charge between quark and gluon jets, together with the sensitivity of medium modifications on jet charge to flavor dependence of parton energy loss, could be very useful to discriminate the energy loss pattern between quark and gluon jets in heavy-ion collisions.
INTRODUCTION
One major purpose of relativistic heavy-ion collisions (HIC) performed at the RHIC [1] [2] [3] [4] and the LHC [5] [6] [7] is studying the formation and mapping the properties of the Quark-Gluon Plasma (QGP), a new kind of matter with de-confined quarks and gluons. One optimal probe of the creation and properties of the QGP is the jet quenching, a phenomena that an energetic parton propagating in the dense QCD medium may suffer multiple scattering with other partons in medium and then loses a significant amount of its energy [8] [9] [10] . By indirectly quantifying how much the parton loses its energy in medium with theoretical estimation and experimental data of final-state observables at large transverse momentum such as leading hadron production we can infer the transport properties of the QCD medium created in HIC [11] [12] [13] [14] [15] [16] [17] [18] .
An essential part of jet quenching theory is the flavor dependence of parton energy loss, i.e. the difference energy loss patterns of quarks and gluons [9, 19] . In most perturbative QCD models of jet quenching it is shown that an energetic gluon may lose more energy than quark, which gives ∆E g /∆ E q = (C A /C F ) for asymptotic high-energy partons. However, in other models, the flavor pattern of energy loss may be different. For example, a hybrid strong/weak coupling model [20] utilizes parton energy loss results in a strongly coupled plasma from the string theory with ∆E g /∆ E q = (C A /C F ) 1/3 . The difference of energy loss of quarks and gluons may change the parton fraction in HIC relative to that in elementary proton-proton collisions, and thus modify the hadron chemistry [19, [21] [22] [23] [24] . A deep understanding of flavor dependence of parton energy loss is indispensable to solve the baryon anomaly, which is still an open question so far [21, 22, 25] . We note another topic of favor dependence of parton energy loss is the mass dependence of heavy quark energy loss, and please see Refs. [26] [27] [28] [29] [30] [31] for more discussions on the mass hierarchy of jet quenching.
Since the start of heavy-ion programs with the unprecedented colliding energies available at the LHC, full jet observables in HIC have attracted intense investigations both in theory and experiment [20, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Jet observables could provide complementary information besides leading hadron productions and have been widely accepted as another excellent probe to investigate the properties of QGP. It is of great interest to study jet observable which is sensitive to the pattern of gluon versus quark energy loss, which can help make further constrains of jet quenching mechanism by utilizing the large amount data on jet measurements at the LHC and also at the RHIC. One of such kind of jet observables is the averaged jet charge [51] [52] [53] , which gives the electric charge distribution in a reconstructed jet. It is expected that the measurement of jet charge in HIC may shed an insight of flavor dependence of jet quenching [54] .
In this paper, we present the first numerical calculations of medium modification on averaged jet charge in Pb+Pb collisions at the LHC. PYHHIA6 [55] is used to simulate particle productions in p+p collisions. PYQUEN and JEWEL are used to simulate parton energy loss in Pb+Pb collisions. It is found that as compared to p+p collisions, averaged jet charge is significantly suppressed due to the participating of neutron in heavy-ion collisions. However, with the input that gluon loses more energy than quark, the fraction of quark at large transverse p T will be increased to large extent, it is shown that R CP , the ratio of averaged jet charge in central collisions to that in peripheral collisions, should be larger than unit over the whole range of jet transverse momentum. We demonstrate that the behavior of central-to-peripheral ratio is especially sensitive to the difference of the gluon and quark jet-medium interaction strength.
THEORETICAL FRAMEWORK
In this section, we discuss our analysis framework of averaged jet charge from p+p to Pb+Pb collisions. The momentum-weighted jet charge is defined as [52, 53] :
T indicates the transverse momentum of the hadron i inside jet, p jet T the transverse momentum of the jet, Q i is the electric charge of the hadron. A power parameter κ which satisfies κ ∈ (0.1, 1) is used to adjust the contribution bias of jet constituents with different transverse momentum.
It has been shown that the energy and and jet-size dependence of moments of jet-charge distributions in p+p can be calculated in perturbative QCD [52, 53] . In this paper, we employ Monte Carlo event generater PYTHIA with Perugia 2012 tune [56] to simulate particle production in p+p collisions which gives us more leverage power to impose different kinematic cuts, and FastJet package [57] is used to construct final state jets for jet charge calculation. In ATLAS Collaboration measurement, jets are reconstructed by the anti-k T algorithm with radius R = 0.4, events are required to include at least two jets with p T > 50 GeV in central rapidity regiom |η 1,2 | < 2.1. Only the leading two jets with p leading T /p subleading T < 1.5 are used in the jet charge calculations. Shown in Fig. 1 are our results for jet charge at √ s = 8 TeV in p+p collisions from PYTHIA+FastJet compared with ATLAS recent data [58] . One can find that our MC results give very nice descriptions for experimental data. We may calculate jet charge at √ s = 2.76 TeV p+p collisions by using the same method, which provides a good baseline for the calculation in heavy-ion collisions.
We show the jet charge for quark and gluon jets respectively in Fig. 2 . Distinct feature of jet charge between quark and gluon jets can be observed. The value of averaged full jet charge is the combination of quark and gluon jets with their relative fractions. Because the fraction of quark jets goes up with increasing transverse momentum. The averaged jet charge may increase gradually with jet transverse momentum p jet T , as shown in Fig. 1 and Fig. 2 . Moreover, even for pure quark jets, the value of averaged jet charge is increased. We note that hadronization effect decreases with higher jet p be suppressed as compared to that at the low p jet T . Now, we move to the calculations of jet charge in heavy-ion collisions at the LHC, where both initial-state cold nuclear matter (CNM) effects and final-state hot nuclear matter effects should be taken into account. For CNM effects, EPPS16 parameterization set [59] has been utilized in our calculations. It is noticed that the total value of averaged jet charge comes originally from the electric charge of colliding participants. In Pb+Pb collisions at the LHC, besides proton-proton collisions, proton-neutron and neutron-neutron collisions may also happen. With the approximation that the cross sections of these three types of collisions are almost the same, the probability of these collisions is determined by the number fractions of colliding participants. Eventually, the averaged jet charge in Pb+Pb can be given as:
where N p and N n represent the number of proton and neutron in Lead nucleus respectively. With Eq. (2), one can calculate the averaged jet charge in Pb+Pb collisions without the final-state jet quenching effect, as shown in Fig. 3 . The CNM modification ratio is expressed as: 
The CNM modification ratio as a function of p jet T is illustrated in Fig. 4 . As we can see, averaged jet charge with CNM effects is significant suppressed relative to that in p+p due to the participants of neutrons with zero electric charge during nuclear collisions.
Previous studies have shown that energetic partons should lose energy when traversing QCD medium due to elastic and inelastic processes. In this paper we employ PYQUEN and JEWEL models to simulate parton energy loss in the QGP medium. PYQUEN [60] [61] [62] is one of the Monte Carlo event generator of jet quenching and built as a modification of jet events obtained for hadronic collisions with PYTHIA 6.4. The details of the used physics model and simulation procedure can be found in [60] . The model has include both radiative and collisional energy loss of hard partons, as well as the realistic nuclear geometry. To investigate jet observables, another key element of PYQUEN is the angular spectrum of medium-induced gluon radiation. It has been found that the "wide-angle" radiation scenario could provide better description for experimental measurements on full jets observables in PYQUEN model [63] , which is also adopted in the calculations in this paper. JEWEL event generator provided good description of jet evolution in the QCD medium created in ultrarelativistic heavy-ion collisions, which has been well tested for a large set of jet quenching measurements, including jet R AA , dijet asymmetry A J , bosons tagged jet as well as jet substructure observables which are more sensitive to jet-medium interaction [39, 44, [64] [65] [66] [67] . In JEWEL the recoiling scattering centers can be traced and in principle they could be subjected to further interactions. To deal with medium response, JEWEL provide one option that thermal partons are kept recoiling against interactions with the jet partons and then fragment into hadrons together with the jet partons. This option is used in the following simulations.
RESULTS AND DISCUSSION
Based the framework established in the last section, we calculate the average value of the jet charge distribution as function of the jet transverse momentum in HIC at the LHC. The CNM effects modified partonic jets are generated by PYTHIA+EPPS16 with Perugia 2012 tune [56] , and suffered jet quenching with simulations of PYQUEN and JEWEL models, and then fragmented into final-state hadrons. Jets are reconstructed by using the anti-k t jet finding algorithm [57] are the transverse momentum of the two leading jets. To demonstrate the nuclear modification of averaged jet charge in Pb+Pb collisions, the nuclear modification factor is given by:
Shown in Fig. 5 are our predictions for jet charge R AA and their comparison with cold nuclear modification ratio in heavy-ion collisions. One can observe the nuclear modification factor for jet charge may increase considerably by jet quenching effect for both PYQUEN and JEWEL. To give clearer description of this phenomenon and suppress the initial-state isospin effect (the electronic charge difference between protons and neutrons), we study the central-to-peripheral ratio of averaged jet charge in Pb+Pb collisions R CP , while the jet quenching effect is much stronger in central collisions than that in peripheral collisions. The central-to-peripheral ratio R CP is defined as: In Fig. 6 , we plot the R CP as function of jet transverse momentum for averaged jet charge from 0 − 10 % centrality (b ∈ (0, 3.478)) and 60 − 80 % centrality (b ∈ (12.05, 13.91)) Pb+Pb collisions. It is shown that R CP is significantly larger than in the whole range of jet transverse momentum due to jet quenching effect both from PYQUEN and JEWEL. We emphasize the behavior that R CP > 1 for jet charge comes mainly from the increasing fraction of quark jet with p jet T due to jet quenching effect in both PYQUEN and JEWEL models, where ∆E g /∆E q = C A /C F = 9/4 has been implemented. In these models because gluon loses more energy than quarks, the quark fraction will increase and gluon fraction will decrease. However as we discussed before, the averaged jet charge for gluon jet approaches nearly zero. Therefore jet quenching model with gluon losing much more energy than quark naturally result in a larger than unit R CP . To clarify this, we study numerically the central-toperipheral ratio (R q,jet CP ) for averaged quark jet charge. The value of R q,jet CP and their comparison with full jets are shown in Fig. 7 . We observe that R q,jet CP ∼ 1, which implies that jet quenching effect has rather modest impact of pure quark jet charge; the difference between full charge in central and peripheral collisions mainly results from the decreasing fraction of gluon jet with energy loss effect in the hot QCD medium. To further investigate the sensitivity of medium modifications of jet charge in HIC to the flavor dependence of parton energy loss, we calculate R CP in jet quenching models with different values of
We consider two scenarios: Scenario (I) where we have f = 9/4 for conventional jet quenching model; Scenario (II) with f = 1. We note it has been shown that the different choices of f may alter hadron chemistry such as p + /π + ratio in A+A collisions [22] . In Fig. 8 and Fig. 9 we illustrate R CP for the average jet charge and quark jet fraction f quark in these two scenarios of flavor dependence of parton energy loss model f = 9/4 and f = 1 respectively. It is seen that in Scenario (II) with f = 1 the central-to-peripheral ratio R CP is about 1, and a very small difference of quark jet fraction between central and peripheral Pb+Pb collisions is observed. This striking distinction between results in Scenario (I) and Scenario (II) demonstrate convincingly the sensitivity of jet charge to the energy loss pattern between quark and gluon jets in heavy-ion collisions. By measuring jet charge in HIC and comparing the data with theoretical results from different jet quenching model we can make stringent constraints on jet quenching mechanism.
SUMMARY AND CONCLUSIONS
We present the first numerical results for the nuclear modification of averaged jet charge in HIC at the LHC. In p+p collisions, PYTHIA6 is used to simulate final state hadron productions. It is shown that jet charge for quark goes up with increasing jet transverse momentum, while gluon jet charge approximately is zero in the whole range of p T because gluon carries no electric charge. In Pb+Pb collisions, EPPS16 parameter set is used to investigate cold nuclear effects. We employ MC event generator PYQUEN and JEWEL to simulated parton energy loss in QCD medium. We found that during nuclear collisions, averaged jet charge with cold nuclear matter effects is significantly suppressed by isospin effects. That is because neutrons with zero electric charge accounting for a large proportion in the collisions. To study medium modification for jet charge by jet quenching effects and suppress isospin effect, we calculate central-to-peripheral ratio for jet charge in Pb+Pb collisions. The value of averaged jet charge in central Pb+Pb collisions is enhanced relative to peripheral collisions, since jet quenching effect is much stronger in central collisions. In conventional jet quenching calculations, a fast gluon will lose more energy in the QGP than a fast quark due to its large color-charge(∆E g /∆E q = C A /C F = 9/4), more quarks with electric charge may survive in central collisions as compared with that in peripheral Pb+Pb collisions. The fraction of quark jet should be increased, which results in the larger jet charge in central collisions than that in peripheral reactions. We found the central-to-peripheral ratio of averaged jet charge is especially sensitive to flavor dependence of parton energy loss, which may provide a very powerful tool to constrain the energy loss pattern between quark and gluon jets in heavy-ion collisions.
